ABSTRACT The retention of the two parental mitochondrial DNAs has been investigated in a large number of mouse-human cell hybrids segregating either mouse or human chromosomes, by using a highly sensitive and specific method for detection of the DNA; the results have been correlated with the karyotype and isozyme marker pattern in the same hybrid lines. In e hybrids examined, a consistent pattern was observed for the type of mitochondrial DNA retained: the mitochondrial DNA of the parent whose chromosomes were segregated from the nucleus was undetectable or present in marginal amounts. This was true also of hybrids containing a complete set of the segregating chromosomes in the total or a large fraction of the cell population. Previous investigations using hybrid cells derived from fusion of cells from mice and humans (1-3), rats and humans (3), or mice and hamsters (4) have established in these hybrids a correlation, though not very strong, between chromosome and mitochondrial DNA (mtDNA) segregation. However, in none of these studies has a detailed karyological analysis of the hybrids been performed to establish the rules that govern the retention of the two parental mtDNAs in interspecific cell hybrids. Thus, it is still not known whether the disappearance of mtDNA of one parental species in the hybrid cell depends on the loss of one chromosome or set of chromosomes of that species or on an imbalance of chromosomes of the two species or on a more complex regulatory phenomenon.
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A large series of hybrids between the human cell line HT-1080 and mouse cells has been isolated (5) . These hybrids tend to lose chromosomes of either species depending on the mouse parent, but many of them retain in a relatively stable form a large number of chromosomes of both species. In this paper we present the results of a parallel systematic investigation of the mtDNA composition, karyotype, and isozyme marker pattern in a fairly large number of these hybrids. By using a highly sensitive and specific method for detection of mtDNA of the two parental species, we show that, in all hybrids analyzed, the mtDNA of the species being segregated from the nucleus was undetectable or present only in minute amounts.
METHODS
Cell Hybrids Used. The methods for production and selection of mouse-human hybrid cell lines that lose chromosomes of either species have been described (5-7). A complete list of all hybrids analyzed in this study and the parental cell lines of each are presented in Table 1 . Hybrids in group 1 were formed between a thioguanine-resistant variant (6TG) of the human cell line HT-1080 (5) and either mouse peritoneal macrophages or cells derived directly from the solid mouse teratocarcinoma OTT-6050 and were selected in hypoxanthine/aminopterin/ thymidine (8) . Hybrids in group 2 were formed between the cell line HT-1080 and the contact-inhibited continuous mouse cell line THO-2, which is a ouabain-resistant, hypoxanthine phosphoribosyltransferase-deficient 3T3 derivative (9) , and were selected in hypoxanthine/aminopterin/thymidine supplemented with ouabain. Hybrids in group 3 were formed between an a-amanatin-resistant variant of the human cell line HT-1080-6TG and the mouse L cell derivative clone ID, and were selected in hypoxanthine/aminopterin/thymidine containing 7 ,ug of a-amanitin per ml (Boehringer Mannheim).
Karyologic Analysis. Metaphase chromosomes of hybrid cells were banded according to a modification of the trypsin/ Giemsa method of Seabright (10, 11) .
Isozyme Analysis. M>H hybrid cells were studied for the expression of isozyme markers assigned to each of the different human chromosomes by starch gel or cellulose acetate gel electrophoresis (12, 13) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. MCi/ml; 1 Ci = 3.7 X 1010 becquerels).
Isolation of mtDNA. A mitochondrial fraction was prepared from [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] plates of each hybrid cell line by differential centrifugation (14) . Total mtDNA was isolated by a published procedure (15) . Closed circular mtDNA was isolated as described from HeLa cells (16) Proc. Natl. Acad. Sci. USA 77 (1980) (19) , generating fragments from both mtDNAs that are easily separated and recognized on gels (Fig. 1) . Early in this work, we found that the nick-translated mtDNA probes reacted extensively with the heterologous mtDNA. However, by including a final wash in low salt at high temperature, (75 mM NaCl/7.5 mM sodium citrate; 680C) of the blot after hybridization, it was possible in general to eliminate most of the cross-hybridization, except that involving the rRNA gene region (20) . In the human pattern, the rRNA genes are located in HincH fragments 1, 6, and 7 (D. Ojala, J. Shaffer, and B. Baskir, personal communication) and, in the mouse pattern, predominantly in fragments B and D (19) . (5) . Several hybrids of this type ( Table 1 , group 1), were analyzed for the nuclear chromosome complement and for the species of mtDNA retained. Both karyotypic ( Table 2 ) and isozyme (Table 3) analyses were done, and by both criteria, it can be estimated that a large number of mouse chromosomes were present in the majority of the cells. Representative examples of the blots of the mtDNA of these hybrids are shown in Figs. 2 and 3 . The mtDNA from hybrid 55-14F7, which was derived from the fusion of HT-1080 cells to macrophages from BALB/c mice, showed a normal human pattern when probed with human mtDNA (Fig. 2 Left) . In this blot, it is possible to see some faint bands in the mouse standard lane, which correspond to mouse mtDNA fragments crosshybridizing slightly with the human probe. When the hybrid mtDNA was probed with mouse mtDNA, several faint bands were observed that comigrated with bands seen in the human standard and, therefore, presumably represent cross-hybridizing human mtDNA fragments (Fig. 2 Center). In addition, there was a strong band that corresponded roughly to the position of uncut mtDNA (arrow in Fig. 2 Center). In order to investigate the identity of this band, we prepared nick-translated probes of mouse standard mtDNA from either the material corresponding to the slowly migrating band or from the combined four HincII mouse mtDNA Fig. 6 ).
In Fig. 3 Left, hybrid 55-14-Fl Cl 29, which has the same parents as the previous hybrid but lacks a larger number of mouse chromosomes (Tables 2 and 3) , is shown to have a normal human mtDNA pattern when probed with human mtDNA. In the blot incubated with mouse mtDNA probe, it is possible to see very faint mouse mtDNA bands (arrows), which probably represent less than 1% of the total mtDNA in the hybrid, in addition to the more prominent cross-hybridizing human mtDNA fragments. In Fig. 3 Right are shown two other hybrids formed by the fusion of HT-1080-6TG and mouse macrophages from strain 129. Even upon very long exposure of the autoradiogram, there were no mouse mtDNA fragments visible.
When HT-1080-6TG cells were fused with mouse teratocarcinoma cells (OTT-6050), hybrid cells losing mouse chromosomes wete also obtained (6) . A single hybrid of this type was analyzed (5,-84-F8) (the chromosome and isozyme patterns are shown in Tables 2 and 3 , respectively). Here again, a normal human mtDNA pattern was seen with the human mtDNA probe, and no mouse mtDNA fragments were detected in the hybridization with the mouse mtDNA probe. mtDNA in Hybrids Losing Human Chromosomes (Mc>H) When human HT-1080 cells were fused with the continuous mouse cell line THO-2, hybrids were obtained that preferentially lost human chromosomes upon continuous culture, but many of the hybrids retained large numbers of human chromosomes (5) . In the hybrids investigated here (Table 1) , from the analysis of the isozymes present it would be inferred that between 16 and 19 of the human chromosomes were present in the majority of the cells (Table 4) . As shown in Fig. 4 Left, hybrid 56-05-F4 Cl 6 revealed a normal mouse mtDNA pattern; even upon long exposure of the autoradiogram, the blot hybridized with human mtDNA showed no human mtDNA fragments. The faint band with the mobility of human fragment 7 is presumably a contaminant because it is also present in the mouse standard. Hybrid 56-05-F5 Cl 10 gave a similar result (Fig. 4 In all hybrids derived from the fusion of established lines of mouse and human cells, the human chromosomal complement is unstable and human chromosomes tend to be shed during continued culturing. However, when a-amanitin-resistant human HT-1080-6TG cells were fused with mouse clone iD cells and hybrids selected in the presence of a-amanitin, the entire chromosomal complement of human origin was retained in an apparent stable state and the mouse chromosomes showed only a very slow loss; these hybrids expressed only human 28S rRNA (M. Shander and C. Croce, unpublished data). Several hybrids of this kind (Fig. 5) , which had a complete human and mouse chromosome complement in the majority of the cells, were analyzed for the species of mtDNA retained; only human mtDNA was detected (Fig. 6) .
DISCUSSION
In all cell hybrids analyzed in the present work, regardless of the chromosome composition and direction of chromosome loss, a single species of mtDNA was detected, and this belonged to the parent whose nuclear chromosomes were more stable. In one set of hybrids (formed between a-amanitin-resistant human cells and a-amanitin-sensitive mouse cells), there was at least one copy of each mouse chromosome, in addition to several copies of each human chromosome, in most hybrid cells. This result makes it unlikely that the absence of a specific chromosome or set of chromosomes of one parent is responsible for the inability of the hybrid cells to replicate and maintain the mtDNA of that parent and is suggestive of some kind of regulation of gene expression in the hybrid cells.
Selective suppression of gene expression at other loci has been previously found in mouse-human hybrid cells. Thus, the nuclear rRNA genes of a single species (7, 21) are transcribed in spite of the presence of both sets of rRNA genes in the hybrid cells, as shown by genomic blots (22) . In addition, the functions required for the replication of species-specific viruses that are controlled by the unstable parent are suppressed (23) . It is clear, however, that suppression of these functions does not entail the inactivation of the entire genome, because marker isozymes of the suppressed parent, which are coded for by genes distributed on nearly all chromosomes, can be detected in hybrid cells. The nature of the suppression at the molecular level is unknown.
The results obtained with the cell hybrids analyzed here agree with previous studies in which the retention of a single species of mtDNA was demonstrated (1, 2). However, in the studies on rodent-human hybrid cells performed by Coon et al. (3) , several cell hybrids were found in which both species of parental mtDNA were detected. The reason for this discrepancy is not clear. It seems likely that the mouse-human cell hybrids are in all cases unable to replicate both species of mtDNA indefinitely and that the hybrids analyzed in the cited study had not yet reached the point of complete elimination of one species of mtDNA. It would be important to establish whether hybrid cells are indeed capable of propagating mtDNA even for a limited time, as this would suggest a different mechanism of suppression of the genes required for mtDNA retention from that operating on the rRNA genes; the inactivation of rRNA genes has, in fact, been shown to occur within very few cell generations after nuclear fusion (24) .
